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CURRENT PROBLEMS OF THERMAL SOUNDING OF THE ATMOSPHERE FROM 
ARTIFICIAL EARTH SATELLITES 

L.A.  Pakhomov and Yu.M. Timofeyev 

ABSTRACT: This paper discusses  cu r ren t  problems o f  
thermal sounding of t h e  atmosphere from a r t i f i c i a l  satel l i tes  
on t h e  b a s i s  o f  measurements of t h e  outgoing r a d i a t i o n  from 
t h e  Earth-atmosphere system i n  the  CO absorpt ion band with 

i t s  cen te r  a t  15 microns. This l i m i t a t i o n  o f  t h e  contents  
i s  assoc ia ted  with t h e  fact  that  t h e  f irst  s t age  i n  t h e  
p r a c t i c a l  r e a l i z a t i o n  of methods o f  i n d i r e c t  sounding as 
an opera t ive  method of obtaining raw d a t a  on a g loba l  scale 
w i l l  c l e a r l y  be based on prec ise ly  t h i s  method o f  measurement. 
However, t h e  paper a l s o  dea l s  with seve ra l  general  aspec ts  
o f  i n d i r e c t  sounding which touch on t h e  phys ica l  bases  o f  
long-range methods of measuring t h e  d i s t r i b u t i o n s  o f  
atmospheric parameters from a r t i f i c i a l  Earth s a t e l l i t e s .  The 
a r t i c l e  i s  concluded by a l i s t  of re ferences  t h a t  r e f l e c t  t he  
r e s u l t s  obtained by Soviet  i nves t iga to r s  i n  t h e  per iod  from 
1969 t o  1972 and which cons t i t u t e  t h e  b a s i s  o f  t h e  present  
work. 
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/2* - 

1. Successful experiments i n  t h e  establishment o f  v e r t i c a l  temperature,  - / 3  
moisture and ozone p r o f i l e s ,  performed by American and Soviet  a r t i f i c i a l  Earth 

sa te l l i t es ,  have completely confirmed the suggested f e a s i b i l i t y  of  i n d i r e c t  

s a t e l l i t e  methods. As was demonstrated i n  a number of t h e o r e t i c a l  papers as 

f a r  back as t h e  l a t e  1 9 5 0 ' ~ ~  the  c h a r a c t e r i s t i c s  of  t he  f i e l d  o f  outgoing 

r a d i a t i o n  from t h e  Earth-atmosphere system inc lude  information on t h e  phys ica l  

s ta te  o f  t he  atmosphere. 

p r i n c i p a l  means of  ob ta in ing  global  da t a  on the  v e r t i c a l  temperature,  moisture 

and ozone p r o f i l e s  which a r e  required for t he  s o l u t i o n  o f  problems i n  t h e  

numerical fo rcas t ing  of  t h e  weather. 

These i n d i r e c t  methods c o n s t i t u t e  one o f  t h e  

The most important d a t a  which can be obtained by means o f  s a t e l l i t e  

measurements, both from t h e  s tandpoint  of  t h e i r  use i n  forecas t ing  and from t h e  

*Numbers i n  the  margin i n d i c a t e  pagination i n  t h e  fore ign  t e x t .  
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standpoint  of  t he  accuracy of  t he  c h a r a c t e r i s t i c s  obtained,  are the  v e r t i c a l  

temperature p r o f i l e s .  However, i n  t he  statements of  t he  inverse  problems it 

i s  advantageous t o  use a complex approach i n  which a problem i s  formulated from 
the  very beginning with respec t  t o  the  complex of bas i c  physical  parameters of  

the  atmosphere: 

of reasons,  the  most important of  which are t h e  following: 

temperature,  moisture and ozone. This i s  governed by a number 

1. Usually, the  funct ions of t he  outgoing thermal r a d i a t i o n ,  measured 

aboard s a t e l l i t e s ,  do not  depend on a s ing le  atmospheric parameter bu t  on a 

complex of  parameters. 

2 .  

cor re l a t ed .  

taken i n t o  account i n  a complex 

s i g n i f i c a n t  increase  i n  the  accuracy of representa t ion  of  c h a r a c t e r i s t i c s  

( f o r  example, moisture and ozone). 

The parameters o f  t he  physical  s t a t e  of the  atmosphere are i n t e r -  

The u t i l i z a t i o n  of information concerning i n t e r c o r r e l a t i o n ,  

approach, i n  many ins tances  leads t o  a 

3 .  The complex approach makes it possible  t o  avoid unnecessary and 

c o s t l y  obs tac les  t o  the  accuracy of the  measurements, inasmuch as it takes  

i n t o  account both the  measurement e r r o r s  themselves and the  errors t h a t  a r e  

caused by f luc tua t ions  i n  the  atmospheric parameters.  

4. Fina l ly ,  regard less  of  the  f a c t  t h a t  t h e  p r i n c i p a l  parameter which 

can be determined with high accuracy i s  temperature, t h e  da t a  on o the r  

atmospheric c h a r a c t e r i s t i c s ,  even i f  obtained with xoderate accuracy, i n  many 

ins tances  a r e  of g rea t  value.  

A t  t he  present  time, t h e  inverse  problems have been formulated and - / 4  
p a r t i a l l y  experimentally solved f o r  various por t ions  of  t he  spectrum of  the  

outgoing r a d i a t i o n .  

temperature p a t t e r n s  may be solved by in t e rp re t a t ion  of  measurements i n  the  

C 0 2  bands a t  4 . 3  microns and 15 microns, i n  t he  oxygen band i n  the  microwave 

region of  the  spectrum. 

advantages and shortcomings of  both a physical and instrumental  na ture :  

d i f f e r e n t  s e n s i t i v i t y  t o  temperature var ia t ions ,  pene t r a t ing  a b i l i t y  during 

propagation i n  clouds,  measurement accuracy, e t c .  

Thus, f o r  example, t he  problem of  ana lys i s  of the  

Dif fe ren t  regions of  t he  spectrum have d i f f e r e n t  

I t  seems log ica l  t o  expect 
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t h a t  t he  optimum arrangement f o r  i n d i r e c t  sounding would c o n s i s t  of apparatus 

f o r  var ious s p e c t r a l  regions.  In  t h i s  connection, it i s  necessary t o  conduct 

t h e o r e t i c a l  and e spec ia l ly  experimental s tud ies  o f  problems of  complext 

u t i l i z a t i o n  of  measurements i n  var ious regions of t h e  spectrum. 

The value of the  information on the  parameters of t he  physical  s t a t e  of 

t h e  atmosphere, obtained by means of an a r t i f i c i a l  Earth s a t e l l i t e ,  depend t o  

a s i g n i f i c a n t  degree on the  following c h a r a c t e r i s t i c s :  

u n i v e r s a l i t y ,  t he  a l t i t u d e  range of  reso lu t ion  and s p a t i a l  r e so lu t ion .  

expect t h a t  t he  requirements with regard t o  these  c h a r a c t e r i s t i c s  w i l l  

d i f f e r  f o r  d i f f e r e n t  s c i e n t i f i c  and applied purposes. 

p o s s i b i l i t y  of  i n d i r e c t  methods of  s a t i s f y i n g  the  requirements t h a t  a r i s e  

i n  problems of  numerical weather forecasting. 

poss ib l e  accuracy of i n d i r e c t  temperature r e so lu t ion ,  l e t  us dwell on some 

o the r  p rope r t i e s  of  s a t e l l i t e  da ta .  

accuracy of r e so lu t ion ,  

We can 

Let us  consider  t h e  

Before cha rac t e r i z ing  t h e  

The a l t i t u d e  range of r e so lu t ion  of t he  temperature p r o f i l e  i s  governed 

by the  s p e c t r a l  r e so lu t ion ,  the  s p e c t r a l  range and t h e  methods of sounding 

under cloud condi t ions.  From the  standpoint of s p e c t r a l  r e so lu t ion ,  t he re  

a r e  no g rea t  d i f f i c u l t i e s  a t  t he  present  time i n  determining t h e  temperature 

up t o  a l t i t u d e s  of 30-40 km, and up t o  60-80 km by using s p e c i a l  devices f o r  

t he  in f r a red  region and soundings i n  the microwave region.  

cloud cover i n  t he  f i e l d  of v i s ion  of the instrument,  t he  acqu i s i t i on  of 

d a t a  on t h e  temperature of s t r a t a  below the clouds i s  c o q l i c a t e d .  

methods of  so lv ing  t h i s  problem, a t t en t ion  i s  cu r ren t ly  being given t o  methods 

of  sounding using instruments with high s p a t i a l  r e so lu t ion ,  as well  as the  

In the  presence of 

As poss ib l e  

app l i ca t ion  of s t a t i s t i c s .  P a r t i c u l a r  a t t en t ion  i s  being pa id  t o  t h e  use of - /5 
measurements i n  the  microwave region, the r ad ia t ion  i n  which has a high 

pene t r a t ing  a b i l i t y .  

The s p a t i a l  r e so lu t ion  required i n  problems of numerical weather for -  

ca s t ing  i s  achieved by means o f  modern instruments.  

measurement d a t a  have a much higher  reso lu t ion ,  as, f o r  example, i n  t he  I R  

sounding under condi t ions of p a r t i a l  cloud cover. The required s p a t i a l  

r e so lu t ion  may be obtained by appropriate  averaging. 

In  many ins tances ,  t he  
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1 1 . .  Let us proceed now t o  discuss  the b a s i c  c h a r a c t e r i s t i c s  of  t h e  

The accuracy of determination of  a r e so lu t ion  of temperature accuracy. 

temperature p r o f i l e  on the  bas i s  of  spec t ra l  measurements i s  dependent i n  a 

complex fashion on a number of f a c t o r s .  

1. The s p e c t r a l  range. 

2 .  The s p e c t r a l  reso lu t ion .  

3 .  The measurement accuracy of spec t r a l  b r ightnesses ,  cha rac t e r i z ing  

the  random and systematic  e r r o r .  

4 .  The opt imal i ty  of  t he  measurement condi t ions of  the  spectrum. 

5 .  

atmosphere. 

Adequacy of  the  determination of t he  o p t i c a l  p rope r t i e s  of t he  

6 .  The mathematical algorithm used i n  the  ana lys i s .  

7. S t a t e  o f  the  atmosphere during measurement of t he  spectrum. 

Let us  examine the  above f a c t o r s  i n  d e t a i l .  

Thus, a t  t h e  present  time t h e  f i n a l  s e l e c t i o n  of  t h e  optimum region o r  

combination of  regions of t he  spectrum has not  been accomplished with respec t  

t o  the  problem o f  thermal sounding. 

a t  the  present  time t o  d iscuss  t h e  problem as a complex of  f a c t o r s .  

l e s s ,  on the  basis of t he  ava i l ab le  p rac t i ca l  r e s u l t s  from thermal sounding 

from a r t i f i c i a l  Earth s a t e l l i t e s ,  we can s t a t e  t h a t  t he  b e s t  opera t ive  system 

w i l l  be based on I R  sounding i n  t h e  15  micrdn band of  C02. 

A s  we mentioned e a r l i e r ,  it i s  advantageous 
Neverthe- 

One o f  t h e  p r inc ipa l  problems is  the determination and s e l e c t i o n  of  an 

optimum arrangement of t he  s p e c t r a l  i n t e rva l s  and t h e i r  widths.  

i s  most important when the  s p e c t r a l  measurements a r e  conducted with a mult i -  

channel radiometer i n  which the  number, pos i t i on  and width of  t he  s p e c t r a l  
i n t e r v a l s  a r e  f ixed .  These problems are of less importance when instruments 

are used t h a t  have continuous measurement of  t he  spectrum, such as i n t e r f e r o -  

meters and the  l i k e .  

This process 
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The problem of  the  s e l e c t i o n  and a l loca t ion  of t h e  s p e c t r a l  i n t e r v a l s  a t  

a t  a given s p e c t r a l  r e so lu t ion  i n  the  15 micron band was discussed by Twomey 

i n  a s impl i f ied  form. 

V . P .  Kozlov has suggested an algorithm and has obtained some i n t e r e s t i n g  
r e s u l t s  i n  connection with the  optimization of t he  measurement condi t ions i n  

t h i s  same band using the  s ta t is t ical  method. 

work by Westwater and Strand f o r  t he  microwave region.  

This problem was s tudied  i n  a 

Further  development of t he  problem o f  opt imizat ion of measurements was 
accomplished i n  the  papers by O.M. Pokrovskiy. 

which would make it poss ib l e  t o  solve the problem of t h e  optimal condi t ions of  

measurement with var ious a p r i o r i  assumptions regarding the  des i red  so lu t ion :  

l i m i t a t i o n ,  smoothness, a p p l i c a b l i t y  t o  an empir ical  set .  

For a q u a n t i t a t i v e  es t imate  of the  information, t h e  des i r ed  temperature 

He suggested a universa l  method 

p r o f i l e  contained i n  the  measurements with a given accuracy o f  s p e c t r a l  

i n t e n s i t i e s ,  t he  method mentioned u t i l i z e s  the  c l a s s i c a l  measurement of  

information according Shannon. 

i n  the  successive ca l cu la t ion  of  t h e  increases  i n  information, on the  b a s i s  of 

which the  s e l e c t i o n  of t he  optimal spec t ra l  i n t e r v a l s t i s  made. 

da t a  f o r  t h e  problem, the  value of  t he  dispers ion o f  t h e  measurement e r r o r s  

i s  employed ( l eve l  1 .5-2%),  a s  well  a s  the transmission funct ion of  t h e  r e a l  

Numerical r e a l i z a t i o n  of  t h e  method cons i s t s  

As t h e  input  

I atmosphere, obtained by the  d i r e c t  method. The r e s u l t s  of  t h e  ca l cu la t ions  
I 
I have made it poss ib le  t o  draw a number of very important p r a c t i c a l  conclusions 

t h a t  touch on the  development of  an optimum measurement: 

1. A t  t he  measurement accuracy given above, independent information 

regarding the  so lu t ion  of the  inverse problem ( the  temperature p r o f i l e )  may 

be obtained from measurements i n  s i x  spec t r a l  ranges.  

2 .  The centers  of these  optimal i n t e rva l s  i n  many ins tances  coincide with 

t h e  cen te r s  of the  i n t e r v a l s  of t he  multichannel radiometers o f  t h e  U . S . A .  

However, i t  has been found t h a t  high spec t ra l  r e so lu t ion ,  u t i l i z e d  on a l l  

channels,  i s  unnecessary, because i t  can amount t o  10-20 cm'l f o r  r e l a t i v e l y  

t r anspa ren t  channels,  
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A t  t h e  present  time, the  most complete s tudy  has  involved t h e  inf luence  

o f  random e r r o r s  i n  measurement of t h e  spectrum on errors i n  e s t a b l i s h i n g  

the  temperature p r o f i l e .  

t h e  i n t r i n s i c  no i se  of  t h e  r ad ia t ion  rece iver  and t h e  preampl i f ie r .  

shows t h a t  f o r  purposes of  remote thermal sounding it  poss ib l e  t o  have a mean 

square r e l a t i v e  e r r o r  i n  measurement on the o rde r  of  0.5-1%. Achievement of  

such measurement accuracy i s  a d i f f i c u l t  problem i n  i t s e l f ,  e s p e c i a l l y  s ince  

i t  necessary t o  ensure certain dynamic c h a r a c t e r i s t i c s  of  t h e  instruments .  

As a r u l e ,  t h e  source of s t a t i o n a r y  random e r r o r  is  
Experience / 7  - 

Increas ing  the  information content o f  t h e  method o f  i n d i r e c t  thermal 

sounding i n  global  system of  observations i s  assoc ia ted  p r imar i ly  with over- 

coming the  inf luence  o f  t he  cloud cover. To do t h i s ,  one of t h e  e f f e c t i v e  

so lu t ions  i s  increas ing  t h e  s p a t i a l  reso lu t ion  of  t h e  instrument ,  inasmuch as 
60-70% of  t h e  observat ions involve conditions o f  p a r t i a l  cloud cover. If we 
consider  t h e  fact  t h a t  t h e  d i s t o r t i n g  e f f e c t  of  cloud cover has i t s  g r e a t e s t  

e f f e c t  on measurements i n  r e l a t i v e l y  I1transparentlI channels,  t h e  importance 

of  information concerning t h e  p o s s i b i l i t y  of  u t i l i z a t i o n  o f  a mean s p e c t r a l  

r e so lu t ion  i n  these  channels becomes obvious (10-20 cm-l). 

In  add i t ion  t o  t h e  random e r r o r s ,  systematic e r r o r s  are o f  d e f i n i t e  

s ign i f i cance  i n  t h e  formation of  reso lu t ion  e r r o r s ,  and t h e  p r i n c i p a l  source 

of  them c o n s i s t s  o f  t h e  e r r o r s  i n  absolute c a l i b r a t i o n  of  t he  instrument .  

Experience has shown t h a t  a t  t h e  present  time, problems o f  absolu te  c a l i b r a t i o n  

have acquired primary importance, inasmuch as t h e  volume o f  spectral  observa- 

t i o n s  by means of d i f f e r e n t  kinds of spec t r a l  instruments  i s  growing s t e a d i l y .  

For a c o r r e c t  comparison of t h e  r e s u l t s  t h a t  are obtained,  checking and 

refinement of  o p t i c a l  p rope r t i e s  of t h e  atmosphere, it is  necessary t o  have 

d a t a  which have been obtained by means of instruments  t h a t  were c a l i b r a t e d  
according t o  a s i n g l e  r a d i a t i o n  standard.  

Current concepts regarding t h e  accuracy o f  thermal sounding were obtained 

e s s e n t i a l l y  through comparison o f  reduced d a t a  from t h e  r e s u l t s  of r ad io  

sounding. 

t h e  reduced and Rawinsond p r o f i l e s  ( a t  the cu r ren t  measurement accuracy and 

with knowledge of  the  o p t i c a l ' c h a r a c t e r i s t i c s  o f  t h e  atmosphere) amount t o  

These comparisons have shown t h a t  t h e  mean-square devia t ions  o f  
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1.5-3.0°C. 

d i f fe rence  i n  the  physical  p r inc ip l e s  of measurement, d i f f e r e n t  s p a t i a l  

coverage, space-time divergence of t he  measurements, e t c . ) ,  we can say  t h a t  

t he  values  l i s t e d  f o r  the  deviat ions give only an approximate idea  of  t he  

accuracy of  the  a n a l y t i c a l  process .  

provides some average temperatures of  the l aye r s  of  the  atmosphere ( the  

averaging a b i l i t y  r equ i r e s  f u r t h e r  r ad ia t ion ) ,  it i s  na tu ra l  t o  assume a g rea t  

degree o f  agreement between the  average temperatures of r a t h e r  extensive 

l aye r s .  A confirmation of  t h i s  is  provided by t h e  r e s u l t s  of  comparison 

of  geopotent ia l  p r o f i l e s .  

In view o f  t he  lack of correctness  of  s i m i l a r  comparisons ( the  

I f  we consider  t h a t  t he  i n d i r e c t  method - /8 

These d i f f i c u l t i e s  i n  determining the accuracy o f  ana lys i s  of temperature 

i n d i c a t e  t h a t  conclusions and f indings regarding accuracy of  i n d i r e c t  thermal 

sounding may be made only with r e spec t  t o  c e r t a i n  problems of u t i l i z a t i o n  of 

these  da t a .  

111. Even a t  t he  cur ren t  accuracy of measurements, an important r o l e  i n  

the  determination of  h igh-qual i ty  d a t a  regarding the  temperature of the  
atmosphere i s  played by the  accuracy of  determination o f  the  o p t i c a l  p rope r t i e s  

of t he  r e a l  atmosphere. 

The most p rec i se  methods o f  obtaining t h e  c h a r a c t e r i s t i c s  o f  absorption of  

carbon dioxide a re  the  ca l cu la t ion  methods t h a t  a r e  based on the  u t i l i z a t i o n  of 

da t a  on t h e  parameters of the  f i n e  s t ruc tu re  of the  absorpt ion spec t r a .  

t he  present  time, such da ta  a r e  avai lable  and extensive ca l cu la t ions  have been 

made o f  t h e  transmission funct ions f o r  various bands and atmospheric s i t u a t i o n s ,  

A c e r t a i n  degree of empiricism i s  employed i n  ca l cu la t ing  absorpt ion i n  the  wings 

of t he  C 0 2  bands, as well  as i n  the  ca lcu la t ion  of  t he  inf luence of t he  

absorpt ion by water vapor. 

t h e  t ransmission funct ions i n  the  process of so lu t ion  of t he  inverse  problem 

o r  the  development of spec ia l  experiments f o r  r e f i n i n g  the  c h a r a c t e r i s t i c s  o f  

absorpt ion of t he  r e a l  atmosphere, 

t he  problem, it i s  necessary t o  have fur ther  labora tory  and na tu ra l  measurements 

of  t he  t ransparency of the  atmosphere, t heo re t i ca l  work i n  the  a rea  of t h e  

f i n e  s t r u c t u r e  of t h e  absorption bands, i n  comparison of  t he  experimental 

A t  

This makes i t  necessary t o  have a cor rec t ion  of  

For a complete and q u a l i t a t i v e  so lu t ion  of  
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da ta  on transmission with t h e o r e t i c a l  data,  e t c .  

s i g n i f i c a n t l y  i n  increas ing  our knowledge of t he  p rope r t i e s  of  t he  absorpt ion 

of the  r e a l  atmosphere and improving the  accuracy of  t h e i r  ana lys i s .  

necessary t o  emphasize i n  t h i s  context t ha t  improvement of t he  q u a l i t y  of the  

instruments ,  f o r  example, t he  accuracy of t he  measurements, without appropriate  

improvements i n  the  o p t i c a l  p rope r t i e s  of the  atmosphere w i l l  no t  lead t o  a 
not iceable  increase  i n  t h e  accuracy of  the ana lys i s .  

S imi la r  s t u d i e s  w i l l  he lp  

I t  i s  

S ign i f i can t  improvements on the  level  o f  improving the  model of  t he  

absorption of t he  atmosphere and t h e  study of  v a r i a t i o n s  i n  absorpt ion a r e  

required for a co r rec t ive  considerat ion of t h e  poss ib l e  inf luence  of aerosol  

and dimers of  water vapor. 

As numerous experiments performed on computers have shown, the  u t i l i z a t i o n  

of  any method of  so lu t ion  of  t he  inverse problem i s  charac te r ized  by the  

dependence o f  t he  accuracy of  the  analysis  on the  accuracy of  t h e  statement 

of new kernel  of t h e  equation. 

approximation the  e r r o r s  i n  the  statement of  t he  kernel  a r e  equivalent  t o  the  

e r r o r s  i n  the  measurement o f  t he  rad ia t ion  spectrum. 

This understandable, because i n  the  f i r s t  

Numerous sources of  e r r o r  i n  the  statement of  t h e  kernel  o f  t h e  equation 

may be broken down i n t o  two c l a s ses  which have d i f f e r e n t  phys ica l  na tures .  

The f i r s t  category cons i s t s  of those errors which are assoc ia ted  with 

inaccuracies  of t he  methods of  obtaining the  t ransmission funct ions of the  

atmosphere and with approximate consideration of  t he  r e a l  apparatus function 

of  t he  measuring device.  

These e r r o r s  a r e  caused by a number of f a c t o r s :  

1. Errors i n  laboratory measurement of  t ransmission.  

2. Errors i n  approximate methods of t h e  theory o f  r ad ia t ion  transmission 

i n  the  atmosphere. 

3 .  Errors i n  knowledge of  t he  f ine  s t r u c t u r e  of  t h e  absorpt ion spec t ra  

( in  the  case of t he  d i r e c t  ca l cu la t ion  method). 

4. Inaccuracy of t he  s p e c t r a l  connection of t he  measurements and knowledge 

of the  real apparatus funct ion of  t h e  instrument. 
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The second c l a s s  of  e r r o r s  i s  caused by devia t ion  of t h e  c h a r a c t e r i s t i c s  

of t he  r e a l  atmosphere a t  the  time of the  measurements from t h a t  model of  t h e  

d i s t r i b u t i o n  of  atmospheric parameters for  which t h e  kernel  of the  equation 

has been ca lcu la ted .  In the  f i r s t  p lace ,  t h i s  in f luence  of  i n s t a b i l i t y  of  

atmospheric temperature,  poss ib l e  var ia t ion  i n  the  C02 content ,  absorpt ion 

of  water vapor, ozone and possibly the  influence of aerosol  and dimers of  

water vapor. 

Between the  e r r o r s  i n  the  statement o f  the  kernel  of the  f irst  and second 

c l a s s  t h e r e  i s  a t h e o r e t i c a l  d i f fe rence .  I t  i s  a f a c t  t h a t  e r r o r s  of  the  f i r s t  

c l a s s  w i l l  occur even i n  the  case o f  an absolutely p r e c i s e  knowledge of  t he  

parameters which charac te r ize  the  s t a t e  of t h e  atmosphere a t  t he  moment of  

measurement of  t he  spectrum. 

ment of  the  experimental and t h e o r e t i c a l  i nves t iga t ions ,  improvement of the  

ca l cu la t ion  methodology, more p rec i se  determination of  t h e  apparatus 

I t  i s  c l ea r  t h a t  as  a func t ion  of  t h e  accomplish- 

c h a r a c t e r i s t i c s ,  the  e r r o r s  o f  t he  f irst  type w i l l  decrease.  However, t he  - / l o  
e r r o r s  of  t h e  second kind c l e a r l y  w i l l  always be present  i n  r e a l  representa t ions  

of  t h e  temperature p r o f i l e  i f  s a t i s f a c t o r y  methods o f  cor rec t ion  o f  t he  kernel  

of  t he  equation a r e  not  developed. 

For correc t ion  of  the  kerne l ,  it i s  necessary t o  have the  o r i g i n a l  

information from independent measurements, which give f o r  example an es t imate  
of  t he  real content  of  H,O vapor, the  0 concentrat ion,  e t c .  

mentioned i n  t h i s  context t h a t  the  successful u t i l i z a t i o n  of t he  method of  
co r rec t ion  depends t o  a s i g n i f i c a n t  extent on how much t h e  e r r o r s  of the  f irst  

kind a r e  minimized. 

I t  must be - 3 

The cu r ren t  p i c t u r e  of t he  s i t u a t i o n  with absorpt ion c h a r a c t e r i s t i c s  o f  

t h e  atmosphere i n  the  15 micron region of t he  CO band cons i s t s  i n  the  following: 2 

1. Data are ava i l ab le  on the  parameters of  t he  f i n e  s t r u c t u r e  of  t h e  

15 micron band of COz, which make i t  possible  on the  b a s i s  of  the  d i r e c t  
method of  c a l c u l a t i o n  t o  ob ta in  transmission funct ions with an accuracy of 

2-3% on t h e  average ( the  maximum e r r o r s  may reach high va lues) .  Such 
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accuracy i n  the  f irst  approximation may be assumed s a t i s f a c t o r y .  

approaches, cons i s t ing  i n  the  ana ly t i ca l  approximation of  t h e  d a t a  from 
labora tory  measurements of transmission, are  incapable a t  t he  present  time 

of  providing information with equal accuracy. 

expressions i n  the  so lu t ion  of t he  inverse problem may be u t i l i z e d .  

Empirical 

However, t h e  corresponding 

2. A semiempirical method has been worked f o r  c a l c u l a t i n g  the  inf luence  

of water vapor, which makes it poss ib l e  with s u f f i c i e n t  accuracy t o  take  i n t o  

account i t s  inf luence i n  the  problem of thermal sounding of  t he  atmosphere. 

3 .  Sa t i s f ac to ry  da t a  f o r  t h i s  problem do e x i s t  i n  connection with the  

absorpt ion of  0 and H20. 3 

Hence, a t  the  present  time, conditions ex i s t  f o r  s u f f i c i e n t  minimization 

of  t h e  e r r o r s  of t he  first type. 

respec t  t o  the  accomplishment o f  i nd i r ec t  thermal sounding i s  at tached t o  t h e  

problem of  taking i n t o  account t he  s t a t e  of t he  atmosphere a t  t h e  time of  

measurement of t he  spectrum. 

of  cloud cover 

r e s u l t  can be produced by excessive presence i n  the  atmosphere of po l lu t ion  

components and aerosols ,  a change i n  the  content of  carbon d ioxide ,  e t c .  

Therefore, considerable importance with 

We have already pointed out  t h a t  t he  ex is tence  

considerably increase  the  e r r o r  i n  ana lys i s .  The same 

In addi t ion  t o  the  e r r o r  i n  the  statement of the  kernel  of the  equat ion,  - /11 

which has t o  do with the  inf luence of the f a c t o r s  ennumerated above, equal 

importance i n  the  p r a c t i c a l  r e a l i z a t i o n  of t he  method of thermal sounding 

from sa te l l i t es  is  at tached t o  t h e  accuracy with which the  r a d i a t i o n  o f  t he  

subjacent  sur face  and clouds i s  taken in to  account. 

i n  t he  ca l cu la t ion  of  t h i s  r ad ia t ion  a re  equivalent  i n  every way t o  the  e r r o r s  

i n  the  measurement of  t he  s p e c t r a l  br ightnesses  of t he  r a d i a t i o n .  

sources of  e r r o r  a r e  the  following fac tors :  

t i v e  r a d i a t i n g  power of clouds and subjacent sur faces  and o t h e r  c h a r a c t e r i s t i c s  

of t h e  i n t e r a c t i o n  of  r ad ia t ion  with the clouds.  

Er rors  t h a t  a r e  permissible  

The p r inc ipa l  

inaccuracy of  knowledge of  e f fec-  

In  conjunction with the  above, a number of  problems must be solved:  

1. I t  i s  necessary t o  obta in  s u f f i c i e n t l y  r e l i a b l e  and d e t a i l e d  informa- 

t i o n  regarding the  cur ren t  s tandards o f  o p t i c a l  p rope r t i e s  of  t h e  r e a l  
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atmosphere and t h e i r  v a r i a t i o n  i n  space and t ime. 

is  placed upon a check of the  o p t i c a l  s t a t e  of t he  atmosphere i n  car ry ing  out  

spec ia l  experiments i n  comparison with d i r ec t  and i n d i r e c t  methods of  sounding. 

P a r t i c u l a r l y  g rea t  importance 

2 .  I t  i s  necessary t o  develop methods of tak ing  i n t o  account t he  v a r i a t i o n s  

i n  t h e  o p t i c a l  p rope r t i e s  of t he  atmosphere and determining the  combinations 

of  add i t iona l  measurements (espec ia l ly  simultaneous s a t e l l i t e  observat ions)  

which make i t  poss ib l e  t o  u t i l i z e  these  methods i n  opera t iona l  p r a c t i c e  

i n  sounding. 

One o f  t he  f a c t o r s  which inf luences the  accuracy of  ana lys i s  of  t he  

temperature p r o f i l e  i s  the  mathematical algorithm t h a t  i s  used i n  t h e  so lu t ion  

of t he  inverse  problem. 

As of  the  present  t ime, a number of methods o f  i n t e r p r e t a t i o n  of  t he  

problem o f  thermal sounding have been proposed. 

a p r i o r i  assumptions regarding the  desired funct ion.( temperature  p r o f i l e )  and 

a r e  based on var ious p r inc ip l e s  of  s t a b i l i z a t i o n  of  t he  opera tor  of  t he  

problem, e t c .  

These methods u t i l i z e  var ious 

A number of  authors  have made successful  use i n  the  i n t e r p r e t a t i o n  of  - /12  
r e a l  measurements of the  spectrum of  various s t a t i s t i c a l  methods of conversion. 

I t  should be mentioned i n  t h i s  context  t ha t  t he  " s t a t i s t i c s "  of  t he  d i s t r i b u t i o n  

of temperature inf luence  t o  a l a rge  extent t he  r e s u l t s  of t h e  analyses and 

the re fo re  must be adequate and s u f f i c i e n t l y  d e t a i l e d  with respec t  t o  time 

and space.  

Much a t t e n t i o n  must be paid t o  the development of  
methods of conversion t h a t  do not  require  empir ical  s t a t i s t i c s  concerning t h e  

des i red  temperature p r o f i l e .  

methods i s  most e f f e c t i v e  i n  i n d i r e c t  sounding i n  those  a reas  of t h e  globe 

t h a t  have a sparse  network of radiosounding. 

I t  i s  na tura l  t h a t  the  u t i l i z a t i o n  of  t hese  

Let us mention some of t he  problems of  mathematical performance of  

thermal sounding t h a t  requi re  so lu t ion :  
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1. Development of  methods of improvement of e x i s t i n g  methods t h a t  w i l l  

allow determination of the  temperature p r o f i l e  with s u f f i c i e n t  accuracy over 

t he  e n t i r e  a l t i t u d e  range, i . e . ,  so lu t ion  of t he  problem of  ana lys i s  i n  the  

l aye r  near  t he  subjacent  sur face ,  i n  t he  region of  t h e  tropopause, e t c .  

CONCLUSIONS - /13 

1. The cur ren t  s t a t e  of t he  method o f  thermal sounding us ing  a r t i f i c i a l  

Earth s a t e l l i t e s  and r ad ia t ion  i n  the  15 micron band is charac te r ized  by t h e  

following: 

- t h e r e  e x i s t s  a s u f f i c i e n t l y  well-developed theory of  t h e  method o f  

i n d i r e c t  thermal sounding; 

- absolute  and highly accurate  measurements have been c a r r i e d  out on the  

spec t r a  of  t he  outgoing r ad ia t ion  by means of  d iverse  instruments c a r r i e d  

aboard s a t e l l i t e s ;  

- t he  p o s s i b i l i t y  of analyzing temperature p r o f i l e s  on a global  s c a l e  

has been confirmed experimentally;  

- t he  c h a r a c t e r i s t i c s  of the  optimum s p e c t r a l  device have been t h e o r e t i c a l l y  

e s t ab l i shed  and experimentally confirmed. 

2. Further  development of  t he  method of  thermal sounding as an opera t ive  

means of  ob ta in ing  raw da ta  f o r  numerical weather forecas t ing  a r e  assoc ia ted  

with the  so lu t ion  of a number of problems: 

- refinement of  t he  o p t i c a l  c h a r a c t e r i s t i c s  of  t h e  atmosphere and t h e i r  

r e l a t i o n s h i p  t o  the  spacedtime va r i a t ions  of  the  parameters of atmospheric 

a i r ;  

- development of methods of analyzing the  temperature p r o f i l e  i n  the  

su r face  l aye r  and i n  the  region of  t he  tropopause; 

- development of  methods of correct ing the  kernel  o f  t h e  equation and 

determining the  body of  addi t iona l  information t h a t  is  requi red  f o r  t h i s ;  
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- optimization of systems f o r  obtaining additional information and its 
utilization in the operative system for analysis of the temperature profiles; 

- correct comparison of a reduced profile temperature with real distribu- 
tions. Necessary prerequisites for the solution of this problem are: 
calibration of  all of the measuring apparatus according to a single absolute 
standard; second, time-space matching of the measurements of  the 
spectrum from the artificial Earth satellite with direct temperature soundings 
of  the atmosphere by means of precise Rawinsonds, meteorological rockets and 
aircraft, accompanied by a number of measurements and observations of other 
atmospheric characteristics (concentrations of water vapor and gas components, 
aerosols, etc.). 

first, 

2 .  Development of methods of analysis which are maximally suited t o  

specific systems for numerical weather forecasting. 

3 .  Selection of optimal methods of conversion in the sense not only of  

accuracy of analysis but also minimum loss of machine time, minimum a p r i o r i  
and other auxiliary information. 
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